Emergent Weak Scale from Cosmological Evolution and Dimensional
  Transmutation by Sadeghi, Ahmad & Torabian, Mahdi
Emergent Weak Scale from Cosmological Evolution and Dimensional Transmutation
Ahmad Sadeghi and Mahdi Torabian∗
Department of Physics, Sharif University of Technology, Azadi Ave, 11155-9161, Tehran, Iran and
School of Particles and Accelerators, Institute for Research in Fundamental Sciences (IPM), 19395-5531, Tehran, Iran
In this note we present a framework in which the weak scale appears dynamically technically
natural with no new physics up to the Planck scale. The mixing between the massless Higgs and
the R2 metric theory induces, in canonical parametrization of the Einstein frame, an effective field-
dependent Higgs mass parameter. It is a dynamical variable which in the course of cosmic evolution
scans a wide range of values and eventually stabilizes at a low scale. The one-loop effective potential
has an electroweak symmetry breaking vacuum and the hierarchy is explained by dimensional trans-
mutation and cosmological relaxation mechanisms. Furthermore, by evaluating the renormalization
group improved effective potential we find that the electroweak vacuum is the global minimum of
the effective potential.
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Introduction
The recent combined ATLAS and CMS analyses of the
Higgs properties yield a mass slightly above 125 GeV and
other qualities (couplings, JCP, etc) in excellent agree-
ment with the Standard Model (SM) predictions [1]. The
discovery of the Higgs boson [2, 3], a light elementary
fermiophilic scalar particle, has completed the SM and
at the same time indicates its incompleteness and calls
for beyond the SM. The SM could in principle be em-
ployed to make predictions at an arbitrary energy scale.
However, the UV sensitive large difference between the
pole mass and the renormalized MS mass demands fine-
tuning of parameters to explain the hierarchy between
the electroweak (EW) scale, set explicitly by the mass
parameter, against any higher mass scale. Besides, the
absolute stability of the EW vacuum is excluded at 98%
C.L. [4] which particularly would be problematic for large
Higgs values (in the early Universe). Agnostically speak-
ing, experiments thus far have merely explored the shape
of the Higgs potential very close the origin and the mech-
anism for the EW symmetry breaking (EWSB) and the
global shape of the scalar potential in not yet known.
The latter is of particular importance when one studies
the Higgs dynamics in relation to the physics of the early
Universe.
Motivated by the above lines, in this note, we study
the non-minimal coupling of a massless Higgs field to an
R2 gravity. Cosmological data indicate that this theory
of gravity could be relevant to the early times; i.e. infla-
tionary observables are consistent with the predictions of
the R2 theory [5]. In the Jordan frame parametrization
no explicit bare or renormalized Higgs mass parameter
is introduced in the action. Nevertheless, in the canoni-
cal Einstein frame parametrization (where a new propa-
gating scalar field appears though the Weyl transforma-
tion) the Higgs receives an effective Weyl-field dependent
mass-squared parameter. The mass parameter is then a
dynamical variable and scans over a vast range of values
as the Weyl field evolves in the course of cosmic evolu-
tion. Although the tree-level potential has minima at
zero, we find that the one-loop effective potential sta-
bilizes both fields at non-zero values. The EW symme-
try is radiatively spontaneously broken and a new scale,
parametrically smaller than the Planck scale, is produced
via dimensional transmutation a la Coleman-Weinberg
mechanism [6] assisted by gravitational couplings. The
weak scale is then dynamically technically natural and
the hierarchy is explained by quantum renormalization
group (RG) running and classical Weyl field excursion.
Furthermore, we compute the one-loop RG improved ef-
fective potential and we find that the EW vacuum is the
global minimum of the potential.
Recently, the idea of cosmological relaxation has re-
ceived great interests where the Higgs-axion interplay has
been applied to explain the hierarchical scales [7–15]. In
fact, the hierarchy is explained by a technically natu-
ral symmetry-breaking small parameter. In the present
work, the Higgs-gravity interplay has been examined to
explain the large hierarchy between the weak scale and
the Planck scale. This framework is minimal in the
sense that a cosmic inflationary era is guaranteed and
the pre/post inflationary dynamics of the Higgs field is
connected to the present EW vacuum.
The Higgs/Gravity Reciprocity
We study non-minimal coupling of the Higgs field to
the R2 theory of gravity whose dynamics in the Jordan
frame is given by the following action
S =
∫
d4x(−g)1/2 1
2
(
(M2J + ξϕ
2)R+ αR2
−gµν∂µϕ∂νϕ− 2VJ(ϕ)
)
, (1)
where ϕ2 = 2H†H in the unitary gauge and VJ is the
Higgs potential. The non-minimal coupling parameter
ξ can have either sign, with the above convention it is
assumed positive. We can make the kinetic term of the
metric canonical through a local Weyl transformation as
gEµν = (M
2
J + ξϕ
2 + 2αR)m−2Pl gµν ≡ eχ˜gµν , (2)
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which gives the action in the so called Einstein frame
SE =
∫
d4x(−gE)1/2
(1
2
m2PlRE −
1
2
gµνE ∂µχ∂νχ
−1
2
e−χ˜gµνE ∂µϕ∂νϕ− VE(ϕ, χ)
)
.(3)
There appears a new propagating scalar field called the
Weyl field χ = χ˜mPl
√
3/2. Furthermore, the scalar po-
tential in the this new parametrization reads as follows
VE(ϕ, χ)=e
−2χ˜
(
VJ(ϕ) +
1
8
α−1m4Pl
(
eχ˜ − 1−ξm−2Pl ϕ2
)2)
.
(4)
We assume no Higgs mass parameter in the potential and
only quartic self-interaction with coupling λJ . Then, the
tree-level scalar potential in the Einstein frame takes the
following form
VE(ϕ, χ) =
1
8
α−1
(
1− e−χ˜)2m4Pl + 12µ2ϕ2 + 14λϕ4, (5)
where we have applied a compact notation
λ ≡ e−2χ˜(λJ + 1
2
ξ2α−1), (6)
µ2 ≡ −1
2
e−2χ˜ξα−1(eχ˜ − 1)m2Pl. (7)
The first term in the above potential is Higgs indepen-
dent and flat for large Weyl field values and thus drives
cosmic inflation [16]. The cosmological observations fix
the parameter α to about 1.5× 109 [5].
It can be seen from above that the gravitational cou-
plings, besides altering the Higgs quartic coupling, in-
duce an effective Hiss mass-squared parameter µ2. It is
a field-dependent dynamical variable and changes as the
Weyl field varies. Indeed, in the course of cosmic history
while the Weyl field relaxes to its minimum, it scans a
wide range of values from about the Planck scale to zero.
This parameter is negative for our positive choice of ξ and
can get the Higgs a non-zero vacuum expectation value
(VEV). For the same reason the Higgs VEV also scans a
broad range parametrically from ϕ20 ∼ m2Plξ−1(eχ˜−1) to
zero. If the Weyl field stabilizes at a non-zero value, then
there will be a local EWSB minimum. It can be easily
seen that the minimum of the tree-level potential in both
Higgs and Weyl directions is at zero; neither of them re-
ceive a non-zero VEV. In order to thoroughly look at the
vacuum structure and possible EWSB vacua in the next
section we compute the one-loop effective potential.
One-Loop Effective Potential
With the notation adopted above, the one-loop correc-
tion to the tree-level potential (5) can be easily computed
to give the familiar Coleman-Weinberg effective potential
in the Landau-’t Hooft gauge
V effE =
1
2
µ2Rϕ
2+
1
4
λRϕ
4+
1
64pi2
∑
i
dim
4
i
[
ln
(
m2i /M
2
)−ci],
(8)
wheremi is the tree-level mass expression for fields couple
to the Higgs, ci, di are fixed by given parcel species. In
the above M is the renormalization scale and λR, µR are
the renormalized values of the corresponding parameters
at M (having understood that, we drop the index R from
this point on) [6, 17].
Electroweak Vacuum Symmetry Breaking Vacua
For the sake of simplicity, we rewrite the effective po-
tential (8) in the small field approximation as follows1
V effE =
1
2
µ2eff(ϕ, χ)ϕ
2 +
1
4
λeff(ϕ, χ)ϕ
4, (9)
The minima of the effective potential can be found by
looking at solutions to ∂ϕV
eff
E = 0 and ∂χV
eff
E = 0 which
respectively give the following equations
0 = µ2eff +
1
2
∂µ2eff
∂ lnϕ
+
(
λeff +
1
4
∂λeff
∂ lnϕ
)
ϕ2, (10)
0 = − 1√
6ξ
µ2mPl +
1
2
∂µ2eff
∂χ
ϕ2 +
1
4
∂λeff
∂χ
ϕ4. (11)
Furthermore, the elements of the mass matrix about
the extrema are computed as follows
Vϕϕ = −2µ2 + ∂λeff
∂ lnϕ
ϕ2 (12)
+
1
2
( ∂µ2eff
∂ lnϕ
+
∂2µ2eff
∂ lnϕ2
)
+
1
4
( ∂λeff
∂ lnϕ
+
∂2λeff
∂ lnϕ2
)
ϕ2,
Vχχ =
1
6α
(2e−2χ˜ − e−χ˜) + 1
2
∂2µ2eff
∂χ2
ϕ2 +
1
4
∂2λeff
∂χ2
ϕ4, (13)
Vϕχ =
∂µ2eff
∂χ
ϕ+
∂λeff
∂χ
ϕ3 +
1
2
∂2µ2eff
∂ϕ∂χ
ϕ2 +
1
4
∂2λeff
∂ϕ∂χ
ϕ4. (14)
They can be easily diagonalized to give the mass eigen-
values. The mass of the heavy eigenstate is
m2χ =
1
6α
m2Pl +O(vmPl), (15)
and the mass of the light eigenmode, the physical Higgs,
is read as follows
m2h = Vϕϕ − V 2ϕχV −1χχ +O(v4/m2Pl). (16)
1 Explicitly, and the one-loop corrected mass parameter and the
quartic coupling are computed as
λeff = λ+
1
16pi2
3
[ 1
16
(
2g4 + (g2 + g′2)2
)− y4t ] ln( ϕ2M2 )
+
1
16pi2
3λ2
[
3 ln
(3λϕ2 + µ2
M2
)
+ ln
(λϕ2 + µ2
M2
)]
.
µ2eff = µ
2
(
1 +
1
16pi2
3λ
[
ln
(3λϕ2 + µ2
M2
)
+ ln
(λϕ2 + µ2
M2
)])
,
2
At the leading order, the Higgs effective potential (8)
is a function of tree free parameters λ, µ,M and two field
values ϕ, χ. On other hand, there are four constrains:
two extrema conditions ∂ϕV
eff
E = 0 and ∂χV
eff
E = 0 and
two experimental inputs v ≈ 246 GeV and mh ≈ 125
GeV. We numerically solve the equations and find that
there exists a family of solutions with correct values for
the Higgs VEV and the Higgs pole mass. These solutions
are determined by λ and ξ2/2α and presented in figure 1
(we plotted the result for λ up to 1 above which roughly
perturbative expansion breaks down). For all points on
this curve we have a vacuum resembling the experimen-
tally observed EWSB vacuum.
It is interesting note that in this framework, the Higgs
mass does not fix the Higgs self-coupling as it does in
the SM. Theoretically, it can assume any value smaller
or greater than the SM prediction (about 0.13). It re-
mains to be measured in the next generation of colliders
and once determined, we can make a prediction for the
gravitational coupling ξ (given α from cosmological in-
flationary observations).
At the end, we also note that since
∂χµ
2
eff = −
ξ√
6α
e−χ˜mPl +O(µ2eff/mPl), (17)
then from (11) we analytically find that the Weyl field
develops a non-zero VEV as follows
χ0 = ξv
2m−1Pl +O(v3m−2Pl ), (18)
where v = ϕ0. Consequently, the effective Higgs mass
parameter reads as follows
µ2 = −(ξ2/2α)v2 +O(v4m−2Pl ). (19)
The Higgs mass parameter indeed gets stabilized at a
non-zero value which is much smaller than the Planck
scale.
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FIG. 1. λ versus ξ2/2α. The inset shows the value of the
renormalization scale for a given self-coupling parameter.
One-Loop RG Improved Effective Potential
In order to make the effective potential valid for large
field values to check the absolute stability at high scale,
we need to improve it using the renormalization group
method and resum large logarithms. The one-loop RG
improved effective potential for the Higgs field in the MS
scheme is given by [18–21]
Veff [t] =
1
2
µ2(t)ϕ2(t) +
1
4
λ(t)ϕ4(t)
+
1
64pi2
∑
i
niM
4
i (t)
[
ln
(
M2i (t)/M
2(t)
)− ci], (20)
which satisfies the RG equation dVeff/dt = 0. The renor-
malization scale is given by the running parameter t and
some fixed scale M as M(t) = Met. We choose M(t) at
our convenience proportional to ϕ(t) where the running
Higgs field is
ϕ(t) = e
− ∫ t
0
γ(t′)
1+γ(t′)dt
′
ϕc. (21)
In the above, γ(t) is the Higgs anomalous dimension and
ϕc is classical field value. The self-coupling and the mass
parameter are determined through
dλ(t)
dt
=
βλ(t)
1 + γ(t)
,
dµ2(t)
dt
=
µ2(t)βµ2(t)
1 + γ(t)
, (22)
and so are the rest of the SM couplings. The one-loop
improved effective potential by two-loop RG functions
resums next-to-leading order logarithmic corrections [18–
20]. The RG functions can be systematically deduced
from the unimproved effective potential (8).
The boundary conditions are set through physical ob-
servables by demanding non-zero expectation value and
experimentally measured Higgs mass as follows
v(t0) ≈ 246e−
∫ t0
MZ
γ(t′)/(1+γ(t′))dt′
GeV, (23)
m2h = m
2
h(t0)e
−2 ∫MZt0 γ(t′)/(1+γ(t′))dt′ + Re[Π(m2h)−Π(0)]
≈ 125GeV, (24)
where t0 is where the potential is extremized. The RG
equations for RG functions with the above boundary con-
ditions can be numerically solved to get the improved
potential.
Again with the convention we adopted in (5), (6) and
(7) we follow the result of [21] (to where we refer the
reader for details) for the improved Higgs potential. We
find that absolute stability up to the Planck scale can be
guaranteed if the self-coupling is greater than about 0.14.
It is indeed possible in present framework since it is not
fixed by any current experimental measurements.
Higgs Dynamics in the Early Universe
In order to explicitly follows the fields dynamics in the
early Universe and how they connect to the late-time
3
FIG. 2. Time evolution of the Higgs (right) and the Weyl (left) fields. Field values and time are in Planck units.
vacuum, we numerically solve the equations of motions
in a homogenous background
χ¨+ 3Hχ˙+ 6−1/2e−χ˜ϕ˙2 + ∂χV effE = 0, (25)
ϕ¨+ 3Hϕ˙− (2/3)1/2m−1Pl χ˙ϕ˙+ ∂ϕV effE = 0, (26)
3H2m2Pl =
1
2
χ˙2 +
1
2
e−χ˜ϕ˙2 + VE , (27)
2H˙m2Pl = −χ˙2 − e−χ˜ϕ˙2. (28)
In the above equations, since the fields start at large val-
ues, the improved effective potential is used. A primary
study has been done in [22] and here we applied to our
special case and plotted the result in figure 2.
For large field values, the Higgs effective mass is big
(compared to the Hubble scale) in the early times and
drives it to small field values thorough dissipative co-
herent oscillations. When it loses its amplitude it gets
trapped in one of the minima and follow oscillations
about the symmetry breaking minimum. Eventually,
when the energy density in the Higgs field dissipated
away the Weyl field takes over. It slowly role down its
potential and drives a period of cosmic inflation. Conse-
quently through many oscillations, it relaxes to its mini-
mum very close to zero. As we saw explicitly in the pre-
vious section, quantum fluctuations stabilized both fields
at non-zero small values.
Conclusion
In this paper we introduced a framework in which the
weak and the Planck scale hierarchy could be explained
through dimensional transmutation induced by the RG
running of the couplings and cosmological evolution of
the Weyl field. In this setup, the Higgs mass-squared is
not a parameter to be defined by fine-tuning at the UV
scale, but instead an effective dynamical variable which
takes diverse values during different stages of cosmic his-
tory. It essentially gives a manifestation of the brilliant
Coleman-Weinberg idea for EWSB now assisted by grav-
itational couplings.
Moreover, we found that the gravitational couplings
also modifies the Higgs quartic self-coupling. As a re-
sult, the Higgs pole mass and the self-coupling are not
directly related and the measurement of one them would
not determine the other. Therefore, the quartic coupling
can take any perturbative value including values which
make the EW vacuum absolutely stable.
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